Asteroids, starfish, are important members of the macro-benthos in almost all marine environments including the deep sea. Starfish are in general assumed to be largely olfactory guided, but recent studies have shown that two tropical shallow water species rely on vision alone to find their habitat at short distances. Their compound eyes are found at the tip of each arm and they vary little between examined species. Still, nothing is known about vision in the species found in the aphotic zone of the deep sea or whether they even have eyes. Here, 13 species of starfish from Greenland waters, covering a depth range from shallow waters to the deep sea below 1000 m, were examined for the presence of eyes and optical and morphological examinations were used to estimate the quality of vision. Further, species found in the aphotic zone below 320 m were checked for bioluminescence. All species, except the infaunal Ctenodiscus crispatus, had eyes, and two were found to be bioluminescent. Interestingly, one of the species found in the aphotic zone, Novodinia americana, had close to the highest spatial resolution known for starfish eyes along with being bioluminescent. Accordingly, we hypothesize that this species communicates visually using bioluminescent flashes putatively for reproductive purposes. Other species have greatly enhanced sensitivity with few large ommatidia but at the sacrifice of spatial resolution. The discovery of eyes in deep-sea starfish with a huge variation in optical quality and sensitivity indicates that their visual ecology also differs greatly.
Introduction
From a neurobiological point of view echinoderms are considered rather simple animals with dispersed senses and no proper centralized brain [1] . Even though the sensory cells have not been identified experimentally the tube feet are believed to be their main sensory systems with mechano-and chemoreceptors being the most important [2] . Light reception is known in shallow water species of all five classes and dermal photoreceptors are widespread in the phylum, typically forming the sensory basis for negative phototaxis and diurnal or annual rhythms [3 -5] . In sea urchins and brittle stars, dermal photoreceptors in combination with skeletal elements have been suggested to allow directional photoreception and possibly even crude image formation without proper eyes [6, 7] . Still, the most advanced visual system within echinoderms is found in starfish (Asteroidea), where most species possess a conspicuous compound eye at the tip of each arm [8] . The starfish compound eye is similar to that of fan worms and ark clams and is composed of a few hundred separate optical units called ommatidia [9] . Each ommatidium holds up to 100 photoreceptors but their responses are believed to be pooled such that each ommatidium equals a single pixel in the image [10] .
The quality of vision has been examined in detail for two shallow water tropical species, the crown-of-thorns starfish, Acanthaster planci and the Blue Star, Linckia laevigata, and the spatial resolution was measured to be 88 and 168, respectively [10] [11] [12] . Electroretinograms have demonstrated a lack of colour vision and peak sensitivities around 470 nm for both species. A. planci has & 2018 The Author(s) Published by the Royal Society. All rights reserved.
also been shown to have the slowest vision in the entire animal kingdom with a flicker fusion frequency of only 0.6 Hz [11] . These recent studies of A. planci and L. laevigata were the first to show the functional significance of vision in starfish [10, 11, 13, 14] . The results from the behavioural experiments demonstrated that both species need their vision intact to locate the coral reef, which is their feeding ground and general habitat.
In the deep sea, the environment changes dramatically with food, mate abundance, and ambient light intensity decreasing rapidly with depth. These changes have a major impact on animals living in deeper waters and especially on their visual systems. Accordingly, the greatest variations in optical systems are seen in the mesophotic zone, which is characterized by a spectral shift towards blue light and an exponential decrease in daylight until the point where no sunlight is left [15] . Below this, in the aphotic zone, the only light available for vision is bioluminescence, typically produced by other animals or bacteria [16, 17] . Many species of starfish are found in these dark habitats, but nothing is currently known about how this influences their visual systems and visually guided behaviours.
Here, we investigate a number of Arctic starfish species collected off Greenland covering depth distributions from shallow water to below 1000 m. Our hypothesis is that with increasing depth the starfish either display optical adaptation to increase their sensitivity or lose their eyes completely and rely on other senses. The presence/absence of eyes in 13 species of starfish was examined and when eyes were found their image-forming qualities were determined using a range of optical and morphological parameters. Five species of special interest were chosen for further detailed examination of their relative light sensitivity.
Methods (a) Sampling
All animals were collected during the Greenland Institute of Natural Resources' (GINR) surveys in the summers of 2015 and 2016. The sampling stations were part of a general fisheries research survey, including benthos investigations, off the West, South, and Southeast Greenlandic coast (electronic supplementary material, figure S1 ) and cover a large depth range and many different substrate types [18] . In total, 1331 stations were sampled, ranging in depths from 41 m to 1483 m, using either an Alfredo trawl (below 500 m), a Cosmos trawl (down to 500 m) or a scientific Beam trawl (down to 650 m).
(b) Light environment
The light intensity from the surface down to 100 m was measured by scalar irradiance sensors (Biospherical QSP-2300 Quantum) of PAR ( photosynthetically active radiation). Data were averaged from 10 profiles carried out in Southern Greenland during June 2015 between 09.00 and 15.00. To estimate the light intensity in deeper waters, light attenuation was calculated assuming an exponential decrease following the measured decrease from 70 to 95 m.
(c) Key species of starfish and their depth distribution All animals collected from the 1331 stations were identified to the highest possible taxonomic level by specialists from GINR and registered in a benthos database with information about sampling station metadata (e.g. temperature, depth, position). Thirteen species of asteroids were chosen from their feeding biology, geographical and bathymetrical distributions, and morphology (electronic supplementary material, table S1), hence putatively maximizing the diversity in visual ecology and eye design. Since the different trawls sample these species with different efficiency, the distributions were only analysed qualitatively. The main depth distribution range is defined by 90% of the catch of each species, thus removing the 5% most shallow and the 5% deepest catches as outliers. For the species represented by 20 or fewer specimens the entire distribution is used.
(d) Observations from live animals
A minimum of four intact specimens of each of the 13 key species were immediately transferred to a darkened tank with surface water of 35 practical salinity units ( psu) and a temperature of 1-48C giving a close match to the natural habitat which varies between 32 and 35 psu and 21 and 68C depending on depth. Novodinia americana and Tremaster mirabilis were exceptions since they could not be kept alive shipboard for several days or only two specimens were available, respectively. The animals were kept alive for several days in the tank and fed dead mussels and fish meat. Pictures were taken of the arm tips of all species while actively moving in a large glass dish to document the presence/absence of eyes and orientation of the eyes in vivo (electronic supplementary material, figure S2 ). Pictures were taken using standard macrophoto equipment.
The presence of bioluminescence was tested following Herring, 1974 [19] : animals were placed in a bucket with sea water in a dark room. After approximately 10 min during which the observer adapted to darkness, the animals were physically manipulated, and if no light was seen, the animal was submerged in a bucket of freshwater before being physically manipulated again. Six species found in the aphotic zones were tested and all light emissions were noted but no photo documentation was possible.
(e) Eye morphology
One or two eyes were taken from at least three specimens of each species with eyes (two for N. americana and T. mirabilis). The eyes were fixed in 2.5% glutaraldehyde, 1% paraformaldehyde and 3% sucrose in either 0.1 M PBS or 0.1 M sodium cacodylate buffer ( pH ¼ 7.3). The eyes were kept in the fixative while shipboard but transferred to 0.1 M buffer upon arrival at our laboratory in Copenhagen. Care was taken to keep the material in darkness after fixation.
In the laboratory all eyes were photographed under a dissection microscope and eye size, size of the ommatidial aperture ( pupil), and number of ommatidia were measured. At least 3 eyes and 6-9 randomly chosen fully developed ommatidia from each species were used. Only ommatidia with a distinct pupil were included in the count, and if the eye had more than 100 ommatidia only one half was counted. Five species (Diplopteraster multipes, Pteraster pulvillus, Hippasteria phrygiana, N. americana and Lophaster furcifer) were chosen for detailed morphological and optical examinations based on the general morphology of their eyes and their depth distribution. From each of these species two intact eyes from different specimens were postfixed in 1% OsO4 for 1 h, dehydrated in a standard series of ethanol concentrations and transferred to pure acetone before being embedded in Epon 812 resin and polymerized.
Light microscopic sections of 1.5 mm were stained with toluidine blue and photographed in a Leica DMX microscope equipped with a digital camera (Evolution MP v. 5.0, MediaCybernetics, MD, USA). Ultrathin sections of approx. 70 nm were contrasted with lead citrate and uranyl acetate and observed in a Jeol 1010 transmission electron microscope equipped with a Gatan SC1000 camera. Material from A. planci collected in 2015 rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172743 was included for comparison with a species from a well-lit environment.
The LM pictures of 3 -6 longitudinal sectioned ommatidia from each species were used to measure the volume of outer segments (approximated by pupil surface x depth of outer segments) and acceptance angle. The acceptance angles were measured as the angle between the distal edge of the screening pigment and the centre of the outer segments. The TEM sections were used to measure the membrane density of the outer segments of the photoreceptors as a proxy of the relative opsin density, assuming a similar amount of opsin per unit membrane area between species. In a square of 2 by 2 mm containing only outer segments, the length of the sectioned membrane was measured from three randomly chosen ommatidia of each species. The relative sensitivity of each ommatidium was found using the following equation: (f ) Visual fields and spatial resolution
The visual field and spatial resolution were examined for the five species of special interest using a custom-made underwater goniometer. Two eyes from different specimens were used from each species and the visual field was found by measuring the optical axis of 6 ommatidia evenly spaced along the periphery of one side of the eye and then adding the visual field mirrored along the vertical axis. The interommatidial angles (measure of spatial resolution) were found by randomly choosing 2 ommatidia from each eye and then measuring the angles between the optical axis of these ommatidia and all their neighbouring ommatidia. Due to the irregular shape of their ommatidia optical axes could not be measured in D. multipes and P. pulvillus.
(g) Statistics
Statistical tests were performed in RStudio 1.0.136 (R v. 3.3.2 GUI 1.68 Mavericks build). Pearson product-moment correlation coefficients were computed to assess the relationship between each morphological parameter and depth. We also performed a phylogenetic generalized least square (PGLS) analysis to test for phylogenetic signals in the morphological parameters using the R package MCMCglmm v. 2.23. Since no phylogeny based on the exact species is present we ran the analysis based on taxonomy assuming equal branch lengths [20] . One-way ANOVAs were used to test for differences in the measured eye morphology parameter between species. If significant differences were found, it was followed by a Tukey HSD or a Bonferroni (non-parametric) post hoc test. In all tests the critical p-value was set to 0.05.
Results (a) Light environment
From the PAR measurements it is seen that at 100 m the light intensity declined by approximately 4.5 log units (electronic supplementary material, figure S3 ). An exponential fit to the measured curve between 70 and 95 m was used to extrapolate the light intensity down to 500 m. The fit showed that the intensity declines 1 log unit approximately every 35 m and that the euphotic zone ends at about 100 m and the aphotic zone (here defined as the threshold for human vision) starts at 320 m. The absolute threshold for vision where the intensity decreased by 10 14 -fold [15] , is found at approx. 450 m.
(b) Depth distribution
From the main depth distributions (90% of the catch) it is seen that the 13 species distribute across the three photic zones (figure 1). Solaster endeca is the species closest associated with the euphotic zone in the sampling area. Leptasterias polaris, Crossaster papposus, Ctenodiscus crispatus, Stephanasterias albula, Pteraster pulvillus, Hippasteria phrygiana, Leptychaster arcticus, Lophaster furcifer and Poraniomorpha hispida were all found to have rather broad depth distributions covering the euphotic or mesophotic zones into the aphotic zone. In the last three species, Diplopteraster multipes, Novodinia americana and Tremaster mirabilis, the 90% distribution was in the aphotic zone below 320 m entirely.
(c) In vivo observations of the animals
All 12 species with eyes had them exposed and visible when left undisturbed in the tanks. The eyes are placed on the oral side of the arm tip which bends to expose the eyes to the surroundings. We found interesting species differences in how far they would typically bend the arms. S. endeca, C. papposus, L. polaris, S. albula, H. phrygiana and T. mirabilis would bend the tips approx. 908, which directed the centre of gaze along the substrate (figure 2b). Others like P. pulvillus, D. multipes and P. hispida often bent the tip between 1208 and 1808, which directed the centre of gaze further upwards and in some case straight upwards (figure 2a). Interestingly, D. multipes displayed a behaviour that, to our knowledge, has not been observed before. While walking slowly along the substrate it often had the stomach extended out of the mouth, resulting in the stomach being in direct contact with the substrate most of the time (figure 2c,d). If disturbed the stomach was retracted. The six deepest living species were tested for bioluminescence and this confirmed Herring's observations that D. multipes can produce short bioluminescent flashes in the blue part of the visual spectrum [19] . No photo documentation was possible so the colour of the flashes could not be accurately determined. We also found that the brisingid starfish, N. americana, was highly bioluminescent with more or less the entire body surface capable of emitting light for an extended period of time (several seconds). It was also in the short wavelength part of the spectrum but again no photo documentation or detailed analysis was possible. H. phrygiana, P. hispida, P. pulvillus and L. furcifer did not emit any detectable light during the experiments.
(d) Eye morphology
Of all the 13 examined species only C. crispatus did not have eyes (electronic supplementary material, figure S2 ). There was no detectable variation in the general eye morphology within species but it differed greatly between species (summarized in table 1). The smallest eyes with the fewest ommatidia were found in the mainly mesophotic species L. arcticus, while the largest eyes with the most ommatidia was found in another mesophotic species, H. phrygiana rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172743 Table 1 . Summary of data from eye morphology and optics. All eyes had their size, number of ommatidia and pupil size measured. The five species of special interest also had their visual field, acceptance angle, outer segment volume, density of outer segment membranes measured along with their spatial resolution. Their relative sensitivity was also calculated and normalized by the values of A. planci (see methods section for details on calculations).
Acanthaster planci is added for comparison and most of the data is taken from [11] . The parentheses specify the number of measurements. (table 1) . Interestingly, N. americana, which was found only in the aphotic zone, had almost as many ommatidia as H. phrygiana, (table 1) . The number of ommatidia in H. phrygiana and N. americana were significantly higher than in all the other species (one-way ANOVA, F 13,41 ¼ 64.0, p , 0.0001, followed by Tukey HSD post hoc 0.05 . p . 0.0001) except A. planci and these three species did not differ significantly from each other (p . 0.9). The shallow water species S. endeca had round ommatidia with the smallest pupils whereas D. multipes from the aphotic 0 Figure 1 . Depth distributions. The 13 examined species are arranged from left to right according to minimum sampling depth and it is seen that they varied greatly in depth distribution with Solaster endeca being the most shallow living and Tremaster mirabilis the deepest. The total depth range of each species is shown by the thin lines while the boxes indicate the range of 90% of the catches (the 5% shallowest and 5% deepest removed). The horizontal line in the box shows the median. For T. mirabilis all samples are included in the box due to the small sample size (less than 20). For comparison, benchmark terrestrial intensities are shown on the scale to the left: bright sunlight, overcast, room light, moonlight, starlight, threshold of human vision, and absolute visual threshold. The green line marks the border between the euphototic and the mesophotic zone and the blue line is the border between the mesophotic and the aphotic (below human threshold) zone. The red line marks the absolute threshold for vision. Five species were sectioned for further detailed morphological examinations and this showed that they have the same overall cellular composition of ommatidia (electronic supplementary material, figure S4 ) which also matches descriptions in the literature [10, 21] . The ommatidia of D. multipes were the largest with a volume of 236 260 + 70 850 mm 3 which was significantly larger than the others except for P. pulvillus (one-way ANOVA, F 5,11 ¼ 13.6, p ¼ 0.0002, followed by Tukey HSD post hoc 0.05 . p . 0.0001). The wide acceptance angles of L. furcifer, D. multipes and P. pulvillus did not differ significantly, but all three were significantly larger than for A. planci, H. phrygiana and N. americana (one-way ANOVA, F 5,24 ¼ 5.1, p ¼ 0.002, followed by Tukey HSD post hoc 0.05 . p . 0.001). The outer segments were significantly denser for L. furcifer and N. americana than for the other four species (one-way ANOVA, F 5,12 ¼ 26.3, p , 0.0001, followed by Tukey HSD post hoc 0.01 . p . 0.0001). Interestingly, the outer segments of N. americana were more well-organized than seen for any of the other species and the synapse examinations verified that this is unlikely to be a fixation artefact (electronic supplementary material, figure S4 ).
L . p o l a r i s S . e n d e c a C . p a p p o s u s S . a l b u l a P . p u l v i l l u s C . c r i s p a t u s L . a r c t i c u s H . p h r y g i a n a L . f u r c i f e r P . h i s p i d a N . a m e r i c a n a D . m u l t i p e s T . m i r a b i l i s
The combined morphological properties of the eyes were used to calculate the relative light sensitivity normalized to the sensitivity of the tropical A. planci. This varied between species by more than 2 log units (table 1), with A. planci and H. phrygiana having the lowest sensitivity and D. multipes and P. pulvillus the highest.
(e) Visual field and spatial resolution
The visual fields of H. phrygiana and L. furcifer were very similar but they differed greatly in the spatial resolution (table 1). The spatial resolution of N. americana was 98 and it had the largest visual field of approximately 1908 Â 1508 (table 1) . The spatial resolution of L. furcifer was significantly lower than for A. planci (values in Petie et al. [11] ), N. americana and H. phrygiana (one-way ANOVA, F 3,8 ¼ 9.84, p ¼ 0.004, followed by a Tukey HSD post hoc test, 0.05 . p . 0.001). The three others were not significantly different.
Discussion
Of the 13 species of starfish from Greenland examined in this study, 12 had eyes. These 12 species varied in their main depth distributions from the euphotic zone to the aphotic zone. The eyes varied greatly in the number and shape of ommatidia but the only examined character, which correlated with depth, was the pupil size of the ommatidia. Some of the deeper living species had sacrificed spatial resolution to rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172743 obtain higher sensitivity but interestingly this was not the case for the brisingid species N. americana. This species was found in the aphotic zone but still with as high a spatial resolution as the shallow living species. Further, this species was strongly bioluminescent.
(a) Eyes still present in the deep sea
The results clearly show that the quality of vision in the different starfish species did not correlate with their depth distribution and eyes were still present in the species living in the deep sea. In fact, the three species mainly found in the aphotic zone all had well-developed eyes. The only species lacking eyes was C. crispatus and the lack of eyes in this species probably does not correlate with depth but rather its burrowing lifestyle [22] . Further, there was no clear trend for the deeper living species to have enhanced sensitivity, even though this was seen for species like D. multipes and P. pulvillus. Many deep sea fish and crustaceans have reduced eyes or lack eyes completely and rely on other senses in the dark [17] . Still, some species maintain their eyes in the deep ocean where little sun light is left, but this has been found to demand balancing of sensitivity and acuity in regard to ecologically important stimuli [17, 23] . Mesopelagic fish are well studied and many of them have decreased spatial resolution as a result of grouping or widening of the photoreceptors to increase sensitivity. Further, the trend through the mesophotic zone is an increase in eye size [17] . We did find variation both in eye size and spatial resolution of the starfish but it did not correlate with depth and light intensity. In the aphotic zone bioluminescent point sources are the only light source [16, 24] , and here fish tend to have smaller eyes but relatively larger pupils which allows for localization of such point sources [25] . Such sensitivity and acuity cannot coexist in compound eyes and many deep-sea crustacean eyes have invested in high sensitivity but then with poor resolution as a consequence. An example is the bathypelagic euphasiid Bentheuphausia amblyops which has small eyes with large and disorganized ommatidia [26] , not unlike what we found for D. multipes and P. pulvillus.
(b) Adaptations to vision at low intensities
Several morphological characters of the eyes can be modified to increase sensitivity and to some degree counteract the decrease in available light with depth. These characters are the size of the pupil, the volume of outer segments, the density of the opsins and the acceptance angle [15] . We found significant species differences for all these parameters, but interestingly only pupil size correlated with the depth distributions and thus light intensity. This probably shows that the visual tasks differ between species, since the demand for light varies greatly between visual tasks. Controlling diurnal or annual rhythms takes only little light [27] whereas absorption of many photons is normally needed for the detection and identification of moving objects [28] .
Most of the listed morphological adaptations to low light intensities have a negative effect on spatial resolution and/or contrast [15] . In a compound eye, like the starfish eye, larger pupils mean space for less ommatidia and thus lower spatial resolution. Interestingly, the two species with the largest pupils and greatest sensitivity, D. multipes and P. pulvillus, had their pupils highly elongated along the vertical axis.
This means that they sacrifice resolution along the vertical plane while retaining relatively high resolution horizontally. This has a nice match with objects of interest normally being distributed along the sea floor horizon for benthic animals.
All the ommatidia were lens-less and the larger pupils then also lead to broader acceptance angles and they were typically between 408 and 808. These acceptance angles are well above the interommatidial angles measured for H. phrygiana, N. americana and A. planci and this will result in a great overlap between visual fields of neighbouring ommatidia and thus a strong decrease in the image contrast. This is probably why a behavioural study of A. planci shows that they only respond to high contrast scenes [11] .
Our results show that some of the deeper living species have increased their light sensitivity in the range of 2 log units by means of morphological adaptations when compared to the shallow water A. planci. Albeit significant, this increase will only compensate for a smaller part of the depth-related decrease in light and accordingly additional adaptations are needed. Greatly enhanced sensitivity can be achieved through an increased integration time in the photoreceptors or temporal pooling in higher order neurons, but both at the cost of temporal resolution [23, 29, 30] . Still, we hypothesize that these mechanisms are present in the visual system of at least the deeper living starfish species, since low temporal resolution is probably not a problem for starfish. High temporal resolution is only needed for fastmoving animals or animals detecting fast-moving objects and neither are the case with starfish [31] . Well in line with this, A. planci has the lowest temporal resolution of any eye examined to date with a flicker fusion frequency of only 0.6 Hz [11] .
(c) Visual ecology of Greenlandic starfish
Highly interesting, all three species with their 90% depth distribution entirely in the aphotic zone, D. multipes, N. americana and T. mirabilis, have well-developed eyes. This strongly suggests that they detect bioluminescent light, which is putatively omnipresent at least in the pelagic part of the deep sea [16, 24] . Further, we found two of the species, D. multipes and N. americana, to be bioluminescent themselves, giving off short flashes of light or having a longer lasting glow (several seconds), respectively. Our data do not provide information on when or why light is emitted, but we suggest that it is used for intraspecific communication. One of the challenges for animals living in sparse populations in the deep sea is finding a mate [24] . Olfaction has been suggested to be important for mate detection in a number of starfish species [2] , but detecting the direction to the odour source is difficult, and it only works when the odour source is upstream. Visual detection of bioluminescent signals could thus be an important supplement to olfaction especially in the often clear deep sea water. If true, this would be one of the most complex behaviours found so far and not only for starfish but for echinoderms in general.
The eyes might also be used to detect bioluminescence of other taxa. We observed a previously undescribed behaviour for D. multipes where it walks slowly with the stomach extruded out of the mouth contacting the substrate. This indicates that they feed on organic material on the very surface of the sea floor including the possible biofilm. Some deep-sea rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172743 bacterial mats emit a faint light [16, 32] and D. multipes could use the light to direct them towards these possible feeding grounds. Detection of such an extended area of bioluminescence is optimized by sacrificing spatial resolution for enhanced sensitivity as seen for D. multipes. It should be noted that even though the animals were kept in darkness and naturally cold water their behaviour might still be influenced by stress due to sampling and the lower pressure. We find this unlikely, though, since members of the same species always displayed very similar behaviour. Detecting a point source like a potential mate requires as narrow an angular sensitivity as possible, and thus leads to eyes with a relative high number of ommatidia covering the visual field, as seen for N. americana. Unfortunately, with compound eyes, this leads to smaller pupils and lower sensitivity. But for detecting the direction to bright point sources at relatively close range, this is still preferable to fewer more sensitive ommatidia. Our results thus suggest that some species from the aphotic zone use bioluminescence for general habitat positioning (D. multipes), and others use it for much more advanced and specific purposes such as intraspecific communication (N. americana).
In the euphotic and mesophotic zones it will, at least to some degree, still be possible to use the sunlight to obtain information about the immediate surroundings. Several of the species found here had their eyes directed horizontally and as a consequence look at the sea floor horizon. Due to their low visual acuity only rather large objects can be seen even at short distances. Objects rising from the sea floor will typically be large animals or rocks representing food/predators or hiding place. Since their low resolution vision is unable to distinguish between such objects, it is likely that vision operates in collaboration with other senses such as olfaction. Olfaction has been indicated to play an important role in foraging of shallow water species but little hard evidence is present [33] . Of the species examined here C. granularis, C. papposus, H. phrygiana, P. militaris, P. pulvillus, S. endeca, S. albula and T. mirabilis are known to be predators of large sessile or slow-moving animals such as corals, sea anemones and sponges [34, 35] , which may be visually detected. The species with the eyes directed upwards might detect shadows from passing predators. They can also use the eyes to measure ambient light intensity for setting the diurnal and/or annual rhythm and both tasks are concurrent with few large ommatidia as found in P. pulvillus and P. hispida. Ambient light intensity can also be perceived by non-visual photoreceptors, and opsin expression studies have indicated that such receptors are common in echinoderms (e.g. [5] ).
Conclusion
The starfish examined in this study vary greatly in many of their life traits, and this was found to be mirrored in their different visual systems and putative visual ecologies. All starfish, except the infaunal species, C. crispatus, were found to have eyes, and surprisingly the only examined visual parameter correlated with depth distribution was the pupil size. Some of the deeper living species have sacrificed spatial resolution whereas N. americana, found exclusively in the aphotic zone, has one of the highest spatial resolutions. Highly interesting, we also found it to be bioluminescent and we suggest this as a means of intraspecific visual communication. If true, it is the most complex behaviour described for any starfish, and also for all echinoderms. 
